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Problems in simulating macromolecular movements
Insufficient sampling of conformational sub-states by current molecular
dynamics simulations accounts for deficiencies in representations
of the fluctuating interatomic separations in macromolecules.
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How are the atomic movements in protein molecules
correlated with each other? It is rationally appealing to
think of protein molecules as little pieces of biological
machinery that can receive and transmit signals, activate
substrates, do mechanical work, and so on, all in a mech-
anistically predictable way. However, various structural
studies suggest that protein molecules may behave more
like little organisms that carry out their specific functions
with a measure of stochastic individuality. In the latest
report regarding the idiosyncratic behavior of a protein
and the problems in tracking its movements, Clarage et al.
[1] set out to test how well a molecular dynamics simula-
tion samples the correlations in the fluctuations of a
macromolecule. As they document, such simulations pro-
vide a reasonable representation of the average position of
the individual atoms and of the mean square amplitude
and frequency of their displacements. But when it comes
to representing the fluctuations in the separation between
pairs of atoms, the simulations are disappointing.
A molecular dynamics simulation consists of a large num-
ber of snap shots, spaced at subpicosecond intervals, of a
thermally fluctuating atomic model whose trajectory can
be followed for the order of one nanosecond with cur-
rent computational resources. To test the average model
structure against experimental data, the square of the
Fourier transform of its mean electron-density distribu-
tion, FT(p) 2, can be compared with the intensities of
the Bragg reflections from a crystal, which sample the
square of the transform of a coherently diffracting array
of the molecules. In practice, the comparison is made
with the atomic coordinates and B-factors (measuring
mean square atomic displacements) derived by the
macromolecular crystallographer from the Bragg diffrac-
tion data. Considering that the simulations are generally
carried out for single molecules, the correspondences
between the models and experimental crystal data for the
average structures are generally satisfying.
How well molecular dynamics predicts the correlations
in the atomic movements can be tested by comparing
the diffuse X-ray scattering pattern calculated from the
model trajectory with that measured from a crystal. The
intensity of the diffuse scatter is the difference between
the total scattering, defined by (I FTp 2) (the average
of the square of the Fourier transforms of the varying
structures), and the Bragg scattering, defined by
I FT(p 12; thus, the diffuse diffraction corresponds to
the variance in the Fourier components of the
fluctuating electron-density distribution. Faure et al. [2]
computed this variance from the difference between the
average of the square and the square of the average
Fourier transforms from about 1000 snap shots recorded
during a 600-picosecond dynamics trajectory for lyso-
zyme. Clarage et al. [1] have now performed a similar
computation during a 150-picosecond trajectory for
myoglobin. In neither case is there agreement between
model and experiment.
Why does molecular dynamics give a reasonable picture
of the average positions and fluctuations of the atoms
in a macromolecule but fail to represent the average
fluctuations in atomic pair separations? Clarage et al.
sought answers to this question by comparing three
different representations of the simulated fluctuations in
a myoglobin model for two 50-picosecond segments of
the trajectory, each consisting of 1000 equally spaced
configurations.
The first comparison was in the reciprocal space of
X-ray crystallography. The computed squares of the
transforms of the two average electron-density distri-
butions, I FT(p) 2, corresponding to the Bragg intensi-
ties for the two halves of the equilibrated trajectory, are
quite similar to each other. In contrast, the variances,
( FTp 2)_ - FT(p) 12, corresponding to the expected
diffuse scatter for the two segments, are quite different.
Although 50 picoseconds is long enough for the two
trajectories to map similar average structures, this inter-
val appears to be too short to adequately sample the
correlations of the atomic displacements.
The next comparison was made in the three-dimensional
Cartesian space of the dynamic model using covariance
matrices of the atomic displacement. Each matrix con-
tains the equal-time pair correlations between the co-
ordinate displacements of all the atoms in the myoglobin
model, averaged over the two 50-picosecond segments of
the computed trajectory. The difference between the
two matrices calculated from the simulation demon-
strates that the pair correlations have not converged. Evi-
dently, a much longer simulation would be required to
determine moments of the Boltzmann distribution
beyond the mean.
Finally, Clarage et al. compared representations of the
myoglobin model fluctuations in the three-dimensional
configurational space of a representative atom with the
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Fig. 1. (a) A 50-picosecond trajectory of a representative Cot
atom in the myoglobin simulation, showing that the atom ade-
quately samples its own local three-dimensional configuration
space. (b) A 150-picosecond trajectory of the entire protein in
3N-dimensional configuration space, viewed using two different
configuration portraits. The portrait that appears as a single
meandering arc is a projection onto the three-dimensional sub-
space that best stretches out features in the trajectory; the trajec-
tory's sparse filling of configuration space and failure to close
back on itself illustrate the sampling problem present in sub-
nanosecond time-scale simulations of protein dynamics. The
compact path in the center is the trajectory projected onto a less
optimal three-dimensional sub-space from the standpoint of visu-
alization. (Reproduced, from [1], with permission.)
dimensionally reduced projections of the trajectory of
the entire molecule in its 3N-dimensional configura-
tional space. The trajectory of one Cct atom during a
50-picosecond segment of their simulation is shown in
Fig. la. The next 50-picosecond segment traces a differ-
ent path, which sweeps out a similar sample of allowable
states corresponding to this atom's attractor. Thus, the
variances of these distributions are convergent on the
mean square displacement of this atom. In Fig. lb, the
two tracks represent different projections from the
3N-dimensional space of the 150-picosecond trajectory
of the whole molecule, where each state of the N atoms
Fig. 2. Configuration portrait for a 600-picosecond molecular
dynamics calculation on myoglobin. The protein's evolution in
configuration space is color coded as a function of simulation
time. The longer sampling time has allowed significant clustering
of the trajectory as compared with the shorter 150-picosecond
run shown in Fig. lb. Nevertheless, the fact that the path has not
begun crossing back on itself implies that this longer simulation
has not converged on pair correlations in the atomic distribu-
tions. (Andrews et al., personal communication.)
is represented by a single point. The meandering trace,
which is projected along the three most dominant eigen-
vectors of the distribution, illustrates that the protein
simulation as a whole has sampled but a small section of
arc on its underlying attractor. The knotted trace, which
is projected along less dominant eigenvectors corres-
ponding to higher frequency modes of the displace-
ments, demonstrates that it is the lower frequency
quasi-harmonic modes of the system that are under-
sampled in the simulation.
Other dynamic simulations provide indications of the
same lack of convergence of the fluctuations in atomic
pair separations on a 100-picosecond time-scale that have
been critically analyzed by Clarage et al. For example, in
an earlier 96-picosecond simulation of myoglobin com-
plexed with xenon, Tilton et al. [3] had shown that the
distance between eight different pairs of secondary struc-
ture groups, with average separations ranging from
-14-33 A varied by -1-3 A over intervals of -20-80
picoseconds, with little correlation in the fluctuations
among these groups. Such large amplitude-uncorrelated
fluctuations in the separation of distant parts of a protein
molecule are obviously critical for ligand binding in inter-
nal cavities and other relatively slow processes such as
hydrogen exchange.
A configurational portrait of myoglobin for a much
longer 600-picosecond simulation (Fig. 2) recently con-
structed by Andrews et al. (personal communication)
illustrates that although the system does sample more of
phase space, the trajectory still shows no sign of revisiting
neighborhoods of past configurations. On a somewhat
longer time-scale, Clarage et al. note that a nanosecond
simulation of lysozyme analyzed by Amadei et al. [4] is
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still far from converged for pair correlations, if one inter-
prets the published projections of the trajectory onto the
dominant quasi-harmonic modes as a configuration por-
trait. Eventually, a dynamic simulation should achieve a
Boltzmann distribution, but it is not clear how long this
might take.
A simple rationale suggests that if n samples in a time t
are adequate to represent the probable distribution of the
individual atoms, it may require n2 samples in a time nt to
represent the distribution of the vectors between the
pairs of atoms. Diffuse X-ray scattering measurements on
crystalline proteins and nucleic acids [5,6] indicate that
the dominant correlations in the atomic displacements
fall off roughly exponentially with the interatomic dis-
tance, with a characteristic decay length of 4-8 A. Thus,
most of the atomic fluctuations in a reasonably sized
macromolecule are relatively uncorrelated. If -10 3 sam-
ples in a 50 to 100-picosecond interval map an individual
atom distribution, there will be ~106 possible vectors
between the sampling sites of pairs of atoms whose fluc-
tuations are weakly correlated. To sample the equal-time
distribution of these interatomic vectors may thus require
dynamic trajectories of -50-100 nanoseconds, which is
beyond currently feasible computational capacity.
Given this sampling dilemma, Clarage et al. suggest that,
at present, normal mode analyses of macromolecular
movements may provide better answers than molecular
dynamics to questions concerning long-term fluctu-
ations, because such methods are analytic and thus suffer
no sampling problem. The demonstration by Faure et al.
[2] that the diffuse scatter from lysozyme crystals can be
plausibly represented from a random-phase superposition
of the low-frequency normal modes indicates that transi-
tions among the conformational substates of this protein
can be approximated by harmonic vibrations of the start-
ing model structure, even though the evidence from
inelastic neutron scattering [7] has established that such
transitions in hydrated proteins at room temperature are
largely anharmonic.
Normal modes identify collective motions that are readily
accessible to a macromolecule. The slow modes calculated
for the crystalline G-actin monomer have been used to
model the closing of the nucleotide-binding cleft that
occurs on formation of the F-actin polymer [8]. How-
ever, such smooth deformations cannot simulate the local
refolding of the loops to interlock the actin monomers in
the fiber, as inferred from trial and error adjustments of a
crystal-based model to fit the X-ray fiber diffraction data
[9]. Accounting for the transformation of a crystalline
protein into such a biologically functional state by analyti-
cal dynamic calculations is still an elusive goal.
Predicting protein movements by model simulations
shares some of the problems of computational weather
forecasting. In both cases, the extremes of variation,
which may be difficult to foresee, have more impact than
small fluctuations about some average. Protein molecules
may have sharply defined average structures only in well-
ordered lattices. But even in a crystal, the accuracy with
which the average structure can be determined appears
less certain than generally assumed by protein crystallog-
raphers. Ohlendorf [10] has shown that refining four
independently determined models of human interleukin
,13 in the same crystal form against one set of 2 A resolu-
tion diffraction data did not converge on a single model.
The root mean square difference among the four compa-
rably well-refined models is 0.84 A, which is more than
three times the uncertainty predicted by conventional
statistical analysis of the errors.
Considering the ambiguities in refined crystalline protein
structures and the large number of degrees of freedom
available for their motion, there is still a potential for
significant individual variations in a regimented array. In
a biological milieu, it is the individual adaptability of
protein molecules that makes life proceed.
Acknowledgement: The illustrations were provided by JB Clarage.
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